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The Proton Mass

g At the heart of most visible matter.
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Nucleon

Nucleon is an entangled state of

Masses of
Strongly Interacting Particles

<

<

oroton mass = MeV

gluon

up-quark mass ~ 2.2 MeV

down-quark mass ~ 4.7 MeV
gluon mass = MeV

guark masses defined in a scheme at a scale:

indefinite particle number with spin-1/2 ~ ©-9- Dim. Reg. with MSbar at p=2 GeV 3
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Gluons and gquark kinetic quark masses E+M

Yang-Mills and Dirac Yukawa and Higgs




Two Nobel-Prize” Contributions

The Higgs Mechanism - UV Physics
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Hadron Masses
Decomposition ?

- A meaningful decomposition ?

- What do we currently know ?

- How to probe and constrain further ?
» Are there fine-tunings ? ;



Hadron Mass
Decomposition

1 2 — | —
L = ZG“ Gu +q(D+mg)q + ZF*™E,,

QCD QED

" Equals

Nucleon EFT

1

L=N(P+Mn)N + ;F*F, w
EFT




Chiral Symmetry
Results - quark masses
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Lattice QCD:

Results - quark masses
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Lattice QCD:

Hadron Masses

(MeV)
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Lattice QCD:
The Bleeding Edge
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Lattice QCD:

Results - Nucleon Mass
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Hadron Mass
Decomposition #1

AMU d = Mu(msn) - Mn(0)

generalizes to any number of the quarks
(NOT the same as turning off the vev)

[he difficulty determining the value for vanishing quark mass

* pion is special - the u,d masses are 100% of its mass
* Nucleon - LQCD and HByPT

AmMY = = My (mu, ma, ms)™ =2 — MY =710,0,ms) = 59(4)(7)(3) MeV

(Alverez-Ruso et al, 2013,2014)



Hadron Mass
Decomposition #1

The Pion

Total U and D Quark Mass Contributi '
:ant!?m Daghiraﬁ.lij:rit ass Confribution Chiral Symmetry

The Nucleon

: ant‘?]IdUDagg irgﬁ.lijr?\'i? Mass Contribution LQ C D an d B XPT

16



Hadron Mass
Decomposition #1

e Accounts for both the explicit dependence In
the Hamiltonian and implicit dependence in the
states

e Hadron masses for massless (or near
massless) u,d,s, or u,d,s,c, or ... remain to be

calculated

® interesting : higgs vev is lowered to zero

e scale setting is the issue (in LQCD)

e fix UV parameters at physical point, then change masses
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Light Nuclei :
Quark Mass Effects

30
. NPLQCD, anisotropic NPLQCD
251 Yamazaki et al. . - 60t : Yamazaki et al }
‘ NPLQCD, isotropic = T
~ 20 <
S =
) ~ 40 ®
<15 { m
S . |
10} 1 N
I {
5t
Py ®
0 - - - - o
0 200 400 600 800 O 100 200 300 400 500 600 700 800

My (MeV) my (MeV)



dilation

original

center

Sp = 8%

Scale invariance explicitly by masses and quantum
fluctuations (through dimensional transmutation)

Hadron Mass W/
The Scale Current > o
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Hadron Mass
Divergence of the Scale Current

Lorentz Invariant (neglect QED for now)

s, =T,
8"’:5“ :Tg‘ — —MNNN
a) 1l
a“SM — ﬂ( ) GMVG/M/ + (Vm(a) T 1) mqqq

a 4

Nucleon Mass comes entirely from the divergence of the
scale current, which is the trace of the energy-momentum
tensor.
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Hadron Mass
Decomposition

Bla)l

My = mq<‘qmqum <|_—GWGW + Vm(a)mqqumq

— MEXM + MExA = 0 + MExA

Derivative at the physical point

LQCD (yQCD collaboration results)

o = 44.4(3.2)(4.5)MeV, o5
o= = 76.7(6.4)(6.6)MeV

= 32.3(4.7)(4.8)MeV

Yang et al, 1511.09089



Lattice QCD: (ChiQCD)

Results - Nucleon o-Term

Recent results of chiral fermion calculations
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xQCD Collaboration (Yi-Bo Yang et al.). Published in Phys.Rev. D94 (2016) no.5, 054503
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http://inspirehep.net/search?p=collaboration:%27xQCD%27&ln=en
http://inspirehep.net/author/profile/Yang%2C%20Yi-Bo?recid=1407157&ln=en
http://inspirehep.net/record/1407157

Lattice QCD: (BMW)

Results - Nucleon o-Term
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Hadron Mass
Decomposition #2

_ a)l ., _
My = my(Gmgalm, — my(I22 20" G + ym(@Imadiahim,

= Mgxm + Mpxa = o + MExA

The Pion is special : chiral symmetry
Gell-Mann-Oakes-Renner M = /(Mg + mq)

Omy 1 H
om, 2\ my, +my

Zm Omx _ 1 VM, +myg = lm




Hadron Mass
Decomposition #2

The Pion

The Nucleon

u- and d-quarks only

» Explicit U and D Quark-Mass Contributions: g, ,4-Term
» Explicit Anomalous Contribution

» Explicit U and D Quark-Mass Contributions: g,4-Term
» Explicit Anomalous Contribution

GMOR

LQCD
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Hadron Mass
Decomposition #2

The Pion u-, d- and s-quarks only

» Explicit U, D, and S Quark-Mass Contributions: g,4s—Term
= Explicit Anomalous Contribution G M O R

The Nucleon

» Explicit U, D, and S Quark-Mass Contributions: g 4s-Term I_Q C D
= Explicit Anomalous Contribution
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Nuclear o-Terms and
Dark Matter Interactions

(Beane et al, Phys.Rev. D89 (2014) 074505)

Nuclear o-terms
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Nuclear o-Terms and
Dark Matter Interactions

@ NPLQCD
@ Yamazaki et al {
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Dictates a Class of Dark Matter Interactions

» Explicit U and D Quark-Mass Contributions: g ,4-Term
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Hadron Mass
Decomposition #3

The Rest Frame
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Hadron Mass
Decomposition #3

The Pion G M O R

= Explicit U and D Quark-Mass Contributions: g ,4-Term
- Explicit Yang-Mills and Quark Kinetic Contributions
= Explicit Anomalous Contribution
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Hadron Mass
Decomposition #3

Nucleon Mass

714203 104 %
%

68905 10.5%
%

534126 127 %

2% %

1%

u.d ud.s u.d.s.c.b.t

» Explicit U and D Quark-Mass Contributions: g,4-Term
Explicit Yang-Mills and Quark Kinetic Contributions
» Explicit Anomalous Contribution

0oQCD extrapolations for ¢,b,t d



=Xperiment
Quarkonia Interactions

QQ

Only spin-0 and spin-2 , NO SPiN-1 (equires 3 gluons)

Guv G*, Goa Go? o)

(Luke, Manohar, MJS)

Gia G® symmetrized, traceless O(1/Mq)



Charmonium-Nuclei
M ~ 800 MeV

AE (MeV)

m L
m L

~100l N7,

d n.

pp7. °Hen, “Hen. “Hel/y

Athenna

Jefferson Lab_

(Beane, Chang, Cohen, Detmold, Lin, Orginos, Parreno, MJS , Phys.Rev. D91 (2015) no.11, 114503 )



=Xperiment
Other Probes?

.
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LAJLICA IO
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e Can other experimentally accessible probes be identifies ?
e Momentum transter ?

®* Probes related to T,V are interesting
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Hadron Mass
Chiral Limit from LQCD?
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Resum zero modes In path integral Lmy << 21
Becomes unclean!
Want lattice volumes such thatL my > 2 1

Interesting calculations to do .



Nuclel
Chiral Limit from LQCD?
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Nuclear force - no long range, only o(r) and r-3 from 1.
Short-range couplings modified
Radiation 1m's need to be included

Currently do not know if nuclel exist near the chiral limit.



¢ \/Vithin the Standard Model, we "know” the mechanisms of mass
generation, but have limited “understanding” of the QCD mechanism

e Quantitative decompositions for u,d quarks, and partially for s quarks

e\\Vhat is the optimal experimental program to pursue?
e Needs more thought/effort

¢ Challenge to determine nucleon mass when vev=0
e How much does the Higgs mechanism contribute?






